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The  impact  of injury-induced  immune  responses  on animal  regenerative  processes  is highly variable,
positive  or  negative  depending  on  the context.  This  likely reﬂects  the  complexity  of  the  innate  immune
system  that  behaves  as  a sentinel  in  the transition  from  injury  to regeneration.  Early-branching
invertebrates  with  high  regenerative  potential  as  Hydra  provide  a unique  framework  to  dissect  how
injury-induced  immune  responses  impact  regeneration.  A series  of early  cellular  events  likely  require an
efﬁcient  immune  response  after  amputation,  as antimicrobial  defence,  epithelial  cell  stretching  for  wound
closure,  migration  of interstitial  progenitors  toward  the  wound,  cell  death,  phagocytosis  of cell  debris,  or
reconstruction  of the extracellular  matrix.  The  analysis  of the  injury-induced  transcriptomic  modulations
of  2636  genes  annotated  as  immune  genes  in  Hydra  identiﬁed  43  genes  showing  an  immediate/early  pulse
regulation  in all regenerative  contexts  examined.  These  regulations  point  to an enhanced  cytoprotection
via  ROS  signaling  (Nrf,  C/EBP,  p62/SQSMT1-l2), TNFR  and  TLR  signaling  (TNFR16-like,  TRAF2l,  TRAF5l,  jun,
fos-related,  SIK2,  ATF1/CREB,  LRRC28,  LRRC40,  LRRK2),  proteasomal  activity  (p62/SQSMT1-l1, Ced6/Gulf,
NEDD8-conjugating  enzyme  Ubc12),  stress  proteins  (CRYAB1,  CRYAB2,  HSP16.2,  DnaJB9,  HSP90a1),  all
potentially  regulating  NF-B  activity.  Other  genes  encoding  immune-annotated  proteins  such  as  NPYR4,
GTPases,  Swap70,  the  antiproliferative  BTG1,  enzymes  involved  in lipid  metabolism  (5-lipoxygenase,
ACSF4),  secreted  clotting  factors,  secreted  peptidases  are  also  pulse  regulated  upon  bisection.  By  contrast,
metalloproteinases  and  antimicrobial  peptide  genes  largely  follow  a context-dependent  regulation,
whereas  the  protease  inhibitor  2macroglobulin  gene  exhibits  a sustained  up-regulation.  Hence  a
se  to complex  immune  respon
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1. Positive and negative impacts of injury-induced immune
responses on regeneration
The term “wound healing” designates successive intricate
responses to injury, which range from the immediate response
to mechanical stress up to tissue remodeling that restores the
integrity and the function of a wounded tissue. This response,
present in all organisms, relies on cellular processes that show
common features among the animal kingdom [1]. For instance,
the repair process in mammals relies on the recruitment of
specialized cells that participate in three successive stages: inﬂam-
mation, formation of new tissue and remodeling [2]. The immediate
inﬂammatory phase is accompanied by the activation of the
innate immune system that defends the organism against micro-
bial invaders. After damage recognition, platelets and leukocytes
migrate to the wound site where they release pro-inﬂammatory
cytokines and growth factors, which affect downstream repair
mechanisms including the degradation of extracellular matrix,
angiogenesis, cell migration and cell proliferation [3]. Interestingly,
fundamental aspects of this immune response are shared between
vertebrates and invertebrates [4,5]. Indeed, a number of recent
studies have revealed that the functions of the immune system in
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
2  Imm
t
i
o
a
d
t
o
i
1
i
c
d
f
a
t
i
o
o
m
v
h
p
r
e
o
a
a
m
1
i
p
t
r
a
(
r
t
o
e
i
c
w
a
m
[
t
i
o
e
c
i
t
s
p
t
I
t
w
i78 Y. Wenger et al. / Seminars in
issue repair are not restricted to microbial defence but play crit-
cal roles in regenerative processes themselves. However, the role
f immunity during regeneration varies between species or organs
ffected, and its impact ranges from positive to completely negative
epending on the context [6–8]. Here, we brieﬂy review some of
hese responses across bilaterian species, and then consider the role
f immunity in non-bilaterian species, focusing on the activation of
mmune genes in regenerating Hydra.
.1. Loss of regeneration upon maturation of the immune system
n developing organisms
Studies performed in vertebrates indicate that the regeneration
apacity decreases when the immune system becomes mature as
emonstrated by the scarless healing potential of the mammalian
etus [7,9]. As genetic evidence, the Martin laboratory showed that
dult Pu.1−/− mice, which lack the neutrophils and macrophages
hat normally migrate toward the wound site, do not elicit an
nﬂammatory response upon injury and heal their wounds with-
ut any scar. These mutant mice exhibit reduced level and duration
f growth factor signaling and less efﬁcient clearance of cell and
atrix debris when compared to wild-type animals [10,11]. Acti-
ation of the immune system not only affects the quality of wound
ealing but also the regenerative potential. For example, Xeno-
us laevis tadpoles lose their ability to regenerate their tail in the
efractory period, a period when the T-cell antigen receptors get
xpressed, suggesting a negative impact of the immune system
n the regenerative capacity [12]. Hence, in the contexts reported
bove, the loss of regenerative capacity correlates in time with the
bility to mount an efﬁcient inﬂammatory response, which pro-
otes ﬁbrotic scaring instead of regeneration.
.2. Promotion of tissue repair and regeneration by a functional
mmune system
The ﬁrst example of a positive crosstalk between a regeneration
rocess and the immune system was discovered in the regenera-
ing adult newt lens; a puncture of the lens triggers an immune
esponse leading to the destruction of the damaged lens as well
s to its replacement from the pigment cells of the dorsal iris
reviewed in Ref. [6]). Here the immune response is systemic, as it
elies on the trafﬁcking of the antigen-presenting “dendritic” cells
o the spleen [13]. At the molecular level, the proteolytic activation
f Thrombin is critical, leading to cell cycle reentry of pigmented
pithelial cells but also to the recruitment of macrophages to the
njury site through the release of chemoattractants. In a different
ontext, macrophages located around and within the developing
ound epithelium also positively impact axolotl limb regeneration,
s depletion of macrophages during this period results in the for-
ation of a permanent scar that prevents the regenerative process
14].
Injury-induced signals such as reactive oxygen species (ROS)
hat are immediately produced at the injury site in a transcription-
ndependent fashion, act as antiseptic substances but also, directly
r indirectly, as chemoattractants for inﬂammatory cells, as
videnced during ﬁn regeneration in zebraﬁsh larvae [15], wound
losure [16] or dorsal closure [17] in Drosophila embryos (reviewed
n Ref. [1]. However, the role of ROS signaling is not restricted
o wound healing, but is likely important for regeneration as
hown for adult Drosophila regenerating their gut after exposure to
athogenic bacteria [18], Xenopus tropicalis tadpoles regenerating
heir tail [19], or adult zebraﬁsh regenerating their caudal ﬁn [20].
n Xenopus tadpoles, injury triggers a sustained ROS production
hat promotes Wnt/-catenin signaling and fgf20 up-regulation,
hereas in the zebraﬁsh ﬁn, ROS production is biphasic, activating
n parallel cell death and JNK activation, which subsequently leadunology 26 (2014) 277–294
to Wnt  activation, compensatory proliferation and regeneration.
These evidences indicate that metabolic and developmental path-
ways can be tightly co-regulated upon injury to trigger immune
and developmental responses.
1.3. Immune processes that are neutral to regeneration
Some aspects of the immune response might also be dispens-
able for regenerative processes. In zebraﬁsh, both ﬁn and cardiac
regeneration are impaired when activation of the glucocorticoid
receptor (GR) is pharmacologically inhibited [21,22]. As activated
GRs transactivate genes encoding pro-inﬂammatory transcription
factors such as AP1, STATs, NF-AT and NF-B [23,24], the negative
effect observed upon GR inhibition initially suggested that inﬂam-
mation was playing an active role during regeneration. However, in
the context of ﬁn regeneration, the role of GR is likely independent
of inﬂammation as knocking down the transcription factor Pu.1
prevents the migration of neutrophils and macrophages toward the
amputation site, but does not affect the efﬁciency of ﬁn regenera-
tion, suggesting that an efﬁcient immune response is dispensable
for ﬁn recovery [21]. The requirement for an inﬂammatory response
during heart regeneration has not been assessed yet, and GR activ-
ities that likely encompass both immune and non-immune roles,
remain to be clariﬁed.
As deduced from the above examples, important scientiﬁc gaps
remain to be ﬁlled in order to unravel the molecular mechanisms
that balance the fate of a tissue toward complete regeneration or
ﬁbrotic scarring after damage. The outcome is clearly linked to the
injury signals and the intensity and quality of the immune response
they trigger. Since “L’Histoire naturelle de l’inﬂammation” published
by Metchnikoff in 1892, it is known that immune responses can
be traced back to early-branched metazoans and even to unicellu-
lar organisms [25]. Therefore, non-bilaterian animals, particularly
those that efﬁciently repair their tissues, or eventually regenerate
amputated body parts, provide interesting paradigms to investigate
the link between immunity and regeneration. Here, we will brieﬂy
survey the current knowledge concerning the origins of the differ-
ent components of the innate immune toolbox, then review some
examples of injury-induced immune responses in non-bilaterian
organisms, and ﬁnally report about the injury-induced modulations
of immune genes in Hydra.
2. Origins and early evolution of the metazoan innate
immune toolbox
2.1. The immune toolbox in plants
Although the primary goal of this work is to review the immune
responses linked to animal regeneration, we deem it necessary to
highlight here some similarities between the pathways involved
in the initial response to damage and pathogens in metazoans and
plants. To defend themselves from pathogens, or to react to external
stress that would impair their growth and reproduction, plants use
a two-branched innate immune system. One branch involves the
recognition of microbial- or pathogen-associated molecular pat-
terns (MAMPs or PAMPs) by transmembrane pattern recognition
receptors, a mode of defence called MAMP-  or PAMP-triggered
immunity. MAMPs  induce the production of ROS and reactive
nitrogen species, the synthesis of antimicrobial compounds and
pathogenesis-related proteins, as well as alterations of the plant
cell wall [26,27].The second branch of the plant immune response named
effector-triggered immunity largely takes place inside the cell,
relying on polymorphic NB-LRR proteins that contain nucleotide
binding (NB) and leucine-rich repeat (LRR) domains [28]. NB-LRR
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roteins, which are not homologous to the metazoan NOD/NLR
nd STAND ATPases (see below), guide the speciﬁc recognition
f a given effector, and cause an accelerated response, which
esults in disease resistance [26]. NB-LRR receptors recognize
amaged-associated molecular pattern molecules (DAMPs), which
re released at high levels by injured plant cells, comprising degra-
ation products produced by the pathogen lytic enzyme activity
nd peptides induced upon wounding.
.2. The immune toolbox in choanoﬂagellates
Choanoﬂagellates use a ﬂagellum to capture and subsequent
hagocytosize bacteria. As sister group to metazoans, these uni-
ellular organisms are useful to trace the origin of the animal
mmune toolbox [29]. Indeed, recent studies indicate that the emer-
ence of the innate immune system was driven by host–bacteria
nteractions, which likely inﬂuenced the evolution of animal devel-
pment and immunity. This interplay was well established in
he choanoﬂagellate Salpingoeca rosetta,  where the uptake of prey
acteria results in morphological changes toward colony formation
nd multicellularity caused by the bacterially produced sulfono-
ipid RIF-1 [30]. These observations suggest that in the last common
ncestor (LCA) of metazoans, which was most likely bacterivore,
ost–bacteria interactions tightly coupled the evolution of animal
evelopment to the evolution of the innate immune system [29].
n terms of molecular toolbox, the choanoﬂagellates do express
mmunoglobulin domains, TOLLIP (Toll-interacting protein) but do
ot express typical Toll-like receptors (TLRs) and have lost the
F-B transcription factor, present in the amoeboid holozoan Cap-
ospora owczarzaki [31].
.3. Emergence of TLR and NLR signaling in metazoan ancestors
The architecture of the metazoan innate immune response is
upported by three main signaling systems provided by (i) the
oll-like receptors (TLRs), essential players of innate immunity
nitially identiﬁed in Drosophila [32], (ii) the cytoplasmic sensors
amed Nod-like receptors (NLRs), (iii) the retinoic-acid inducible
ene I (RIG-I) like receptors (RLRs) that are RNA helicases sensing
iral infections [33]. Each of these pathogen recognition receptors
PRR) recognizes speciﬁc MAMPs  or activators, to subsequently
onverge on MAPK and NF-B activation, and elicit inﬂamma-
ory and/or immune responses. Thanks to their LRR extracellular
omain, TLRs recognize a variety of ligands such as conserved
icrobial components or MAMPs, then undergo dimerization and
hrough interaction with the Myd88 adaptor activate a cytoplas-
ic  cascade composed of the IL-1 receptor associate kinase (IRAK),
he TGF-activated kinase (TAK), the TAK-binding protein (TAB)
nd the tumor-necrosis factor (TNF) receptor associated factor 6
TRAF6) [34].
This canonical architecture of TLR signaling was  likely present
n the metazoan LCA, as deduced from its presence in Porifers
sponges), the ﬁrst branching phylum in metazoans. The demo-
ponge Suberites domuncula expresses the TLR adaptor Myd88, the
nterleukin 1 receptor associated kinase (IRAK) and at least one
LR [35,36]. By investigating the genome of another demosponge,
mphimedon queenslandica,  a comprehensive list of the TLR path-
ay homologs was established, including TIR (Toll/interleukin-1
eceptor domain) and LRR domain proteins, the MyD88 interacting
inases [37]. The immune function of these genes could be assessed
n sponges as observed in S. domuncula,  where exposure to the
acterial stimulant LPS leads to increased MyD88 levels, and to its
ubsequent interaction with the LPS binding surface receptor [35].
nterestingly some of these genes are also expressed during lar-
al development in Amphimedon, suggesting some developmentalunology 26 (2014) 277–294 279
function, and pointing to an ancient dual role of the TLR signaling
pathway in porifers [38].
The Nod-like receptors (NLRs) are essential to elaborate antibac-
terial, antifungal and stress responses in metazoans [33,39]. NLRs
are characterized by a variable protein–protein interaction N-
terminal domain, a central nucleotide-binding oligomerization
domain (named Nod-like or NBD or NACHT domain) and a series
of leucine-rich repeats (LRR) at the C-terminus, which are involved
in ligand sensing. NLRs mediate inﬂammatory responses via activa-
tion of the NF-B and/or p38 MAPK pathways, using the RIP2 kinase
to activate caspase-1, produce interleukin and possibly induce cell
death. In Amphimedon, the repertoire of AqNLR proteins containing
both NACHT and LRR domains is large (135), 48 of them display-
ing the typical tripartite architecture of NLRs, with an additional
N-terminal DEATH or CARD domain [40].
Detailed phylogenetic analyses highlight a complex evolution
for NLRs [40,41]. The origin of NACHT-LRR receptors is clearly
metazoan in spite of the fact that NLR domains are found in
plants and animals. In fact the central NB-ARC domain typically
found in plants is not related to the central NACHT domain of
animal NLRs, providing a case of convergent evolution. The evo-
lution of metazoan NLRs is also characterized by a diversiﬁcation
into two main classes, which took place in eumetazoan ancestors,
and frequent taxon-speciﬁc domain shufﬂing events in N-terminal
regions. NLRs are required to interact with adaptors/facilitators as
well as signaling/effectors to achieve their effects; in Amphimedon
both types of molecules are expressed, with clear similarity in their
structural organization with bilaterian counterparts [40,41]. RIG-
I like receptors (RLRs) are instrumental to ﬁght viral infection in
vertebrates through the powerful interferon (IFN) system. RLRs are
present in invertebrates, with at least one copy in Amphimedon,
but their role is unclear as invertebrates efﬁciently use the RNAi
machinery rather than the IFN system to ﬁght viruses [42].
Finally, innate immune responses converge on a limited number
of transcription factors: the Rel homology domain NF-B, the AP1
complex formed by heterodimerization of the two  bZIP transcrip-
tion factors jun and fos, the interferon regulatory factor (IRF) and
the nuclear factor erythroid 2-related factors (NRFs). NF-B and IRF
regulate the production of effector proteins as cytokines or antimi-
crobial peptides (AMPs), whereas Nrf2 respond to oxidative stress
by up-regulating the expression of genes encoding antioxidant
enzymes and cytoprotective proteins [43]. Phylogenetic analyses
using a broad taxonomic sampling identiﬁed the origin of NF-B in
the holozoan LCA, as deduced from its presence in the choanoﬂag-
ellate Capsaspora owczarzaki [31]. By contrast, the origin of the AP1,
IRF and Nrf transcription factors was traced to the metazoan LCA
as deduced from their absence in non-metazoan species, and their
presence in Amphimedon ([44]; [31,45]). In summary, all key com-
ponents of the vertebrate innate immune system can be found at
the base of metazoans.
2.4. A diversiﬁed innate immune system is expressed in
cnidarians
The innate immune system of three cnidarian species is now
characterized, showing an extensive diversiﬁcation of the cnidarian
immune repertoire when compared to that of the sponge Amphime-
don. Indeed the coral Acropora, the sea anemone Nematostella, and
the Hydra polyp express all components involved in TLR and NLR
signaling although with some taxon-speciﬁc variations [46–49].
To provide a complete overview of the evolutionarily-conserved
components of the Hydra innate immune system, we  annotated
with Panther [50] a recent extensive Hydra vulgaris transcriptome
[51,52] and found 2636 transcripts related to one or several of
the keywords “B-cell, T-cell, complement, defence, immune, inter-
feron, interleukin, NF-B, Toll”. The methodology is described in
280 Y. Wenger et al. / Seminars in Immunology 26 (2014) 277–294
Table 1
Manual classiﬁcation of 2636 Hydra immune-related sequences into functional groups according to Panther annotation. Numbers between brackets indicate the number of
distinct transcripts for a given group. For accession numbers see Supplementary File 2.
Protein types Sub-categories Protein name (short name) Transcript
number
Panther
annotation
ADAPTORS Disabled/numb-related adaptor (9) PTHR11232
Sequestosome 1-related (SQTM) (7) PTHR15090
Grb2-associated binder (GAB) (3) PTHR12156
MyD88 (3) PTHR15079
Semaphorin (2) PTHR11036
Sh2  domain adaptor protein (9) PTHR22820
Sh2b  adapter protein (2) PTHR10782
T-cell speciﬁc adapter protein (TSAD) (2) PTHR14388
Evolutionarily conserved signaling intermediate Toll (ECSIT) (1) PTHR13113
ADHESION/ECM Cell  adhesion molecule (CAMs) (143) PTHR10489
Tetraspanin (22) PTHR19282
Ceacam (3) PTHR19955
Selenoprotein P (1) PTHR10105
Sialic acid binding immunoglobulin-like lectin 1 (SIGLEC) (1) PTHR12035
CALCIUM BINDING Translationally-controlled tumor protein (TCTP) related (3) PTHR11991
Allograft inﬂammatory factor (1) PTHR10356
Annexin (8) PTHR10502
CELL  CYCLE B-cell translocation gene (BTG1 like) (4) PTHR22978
Differential display and activated by p53 (DDA3) (1) PTHR21584
CHAPERONES HSP  70 kDa (15) PTHR19375
Small HSP family (HSP20) (13) PTHR11527
HSP  90 kDa (8) PTHR11528
HSP  90 co-chaperone aha-1 (1) PTHR13009
COMPLEMENT SYSTEM Complement component-related sushi domain-containing (4) PTHR19325
Complement C1q related (2) PTHR24022
Macroglobulin/complement (9) PTHR11412
Complement component 1 (1) PTHR10826
CYTOKINES TNF-related (24) PTHR13367
TNF  family member (1) PTHR11471
Macrophage migration inhibitory factor related (MIF) (1) PTHR11954
Multiple EGF-like domains protein (17) PTHR24035
CYTOSKELETON Myosin-binding protein-related (9) PTHR19900
Doublecortin domain containing 2 (2) PTHR23004
IFN-induced protein (44) PTHR14241
Nuclear pore complex (NUP) (1) PTHR23193
DEFENSE Bactericidal permeability-increasing (BP1) related (2) PTHR10504
Immunoglobulin-binding protein 1 (1) PTHR10933
Protein C05C9.1 (LPS binding protein (LBP) antimicrobial) (2) PTHR10504
Pentraxin (8) PTHR19277
Selenium binding protein (2) PTHR23300
Taxilin (1) PTHR16127
GTPase ACTIVITY Guanine nucleotide exchange factor (22) PTHR23113
Guanylate binding protein (1) PTHR10751
GTPase, IMAP family member-related (20) PTHR10903
Rho  guanine exchange factor-related (18) PTHR22826
T-cell activation Rho GAP related (3) PTHR23179
Dynamin (3) PTHR11566
GTP  binding protein (3) PTHR14819
Switch-associated protein 70 (SWAP-70) (1) PTHR14383
Wiskott Aldrich Syndrome protein (WASP) (1) PTHR12779
KINASES Ser/Thr kinases Ser/Thr protein kinases (ILPK, Mos, Raf, KSR, LRRK, . . .)  (54) PTHR23257
Ser/Thr protein kinases (SAD, MELZK, SNF, SIK2, . . .) (17) PTHR24343
Ser/Thr protein kinases (MAPKAK, CAMKIV, . . .)  (6) PTHR24349
Ser/Thr protein kinases (PBK, NEK10) (2) PTHR26266
Ser/Thr protein kinases (MAPKKK, NEK, PAK, STE20, . . .) (29) PTHR24361
Ser/Thr protein kinases (MAPKK/MEKK, MTK-1, . . .)  (16) PTHR24360
Ser/Thr protein kinases (MAPK, MAK, SRSF-PK1, Nemo, . . .) (15) PTHR24055
Ser/Thr protein kinase 17 (1) PTHR24342
EIF2-alpha kinase-related (17 PTHR11042
Nucleoside diphosphate kinase (9) PTHR11349
5′-AMP activated PK, beta subunit (3) PTHR10343
Death-associated protein 1 (2) PTHR13177
IkB  kinase (2) PTHR22969
LRR  receptor like protein kinase (1) PTHR24420
AMP-activated protein kinase-gamma regulatory subunit (1) PTHR13780
Tyr  protein kinase Tyrosine-protein kinase (24) PTHR24418
PI  Kinase ATM-related (39) PTHR11139
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Table  1 (Continued)
Protein types Sub-categories Protein name (short name) Transcript
number
Panther
annotation
METABOLISM Hydrolases Platelet activating factor acetylhydrolase (PAF-AH) (2) PTHR10272
Alpha/beta hydrolase fold-containing protein (ABHD) (14) PTHR10992
Glycosyl hydrolase related (2) PTHR10963
SAM  domain and HD domain-containing prot-related (SAMHD) (4) PTHR11373
Lactamases beta lactamase domain (2) PTHR11935
Metallo-beta-lactamase related (2) PTHR23131
Protein folding Peptidyl-prolyl cis-trans isomerase (PPIA) (20) PTHR11071
Redox  Catalase (1) PTHR11465
Lipoxygenases (10) PTHR11771
Lysyl oxidase-related (11) PTHR19331
Multi-copper oxidases (5) PTHR11709
NADPH oxidase (6) PTHR11972
Neutrophil NADPH oxidase factor 2 (3) PTHR15175
Disulﬁde oxidoreductases (6) PTHR22912
Oxidase/peroxidase (1) PTHR11475
GSH  peroxidase (4) PTHR11709
Thioredoxin (6) PTHR10438
Thioredoxin peroxidases (6) PTHR10681
-IFN inducible lysosomal thiol reductase (GILT) (4) PTHR13234
Met  sulfoxide reductase (5) PTHR10173
Transferases GSH S-transferase superfamily (9) PTHR11260
Thiosulfate sulfurtransferase (1) PTHR11364
Protein-glutamine gamma-glutamyltransferase (1) PTHR11590
Molybdopterin cofactor sulfurase (Mosc) (1) PTHR14237
Ubiquitination Ubiquitin-conjugating enzyme e2 (23) PTHR24067
Membrane associated ring ﬁnger (8) PTHR23012
TNF  induced protein (1) PTHR12757
Ubiquitin thiolesterase protein OTUB (1) PTHR12931
Ubiquitin conjugating enzyme 7 interacting prot-related (4) PTHR22770
Various enzymes Vacuolar proton ATPase (1) PTHR11629
Chitinase-related (4) PTHR22595
Alkaline ceramidase related (stress response) (2) PTHR12956
Exonuclease (4) PTHR12801
(2–5)  oligoadenylate synthetase (1) PTHR12931
PHOSPHATASES Protein phosphatase 2c (PP2c) (15) PTHR13832
Protein phosphatase PP2a regulatory subunit b (1) PTHR11871
Ser/Thr prot. phosphatase (9) PTHR11668
Protein Tyr phosphatase (46) PTHR19134
Phosphatase with homology to tensin (10) PTHR12305
PROTEASES Aspartate proteases Aspartyl proteases (5) PTHR13683
Cystein peptidases Cysteine protease family c1-related (32) PTHR12411
Calpain (Ca-dependent cystein-type endopeptidases) (23) PTHR10183
Metalloproteases Discoidin, cub, EGF, laminin and Zn metalloprotease (122) PTHR10127
Protease m1 Zn metalloprotease (14) PTHR11533
Cystatin family member (9) PTHR11413
Serine  peptidases Transmembrane protease, serine (19) PTHR24256
Protease family s9b, c dipeptidyl-peptidase iv-related (8) PTHR11731
Protease inhibitors Kunitz-type protease inhibitor-related (12) PTHR10083
Serine protease inhibitor, serpin (1) PTHR11461
RECEPTORS TOLL  related receptors Toll-like receptors (8) PTHR24365
TNF-receptors TNF receptor superfamily member (8) PTHR23097
TNF  receptor associated factors (TRAFs) (69) PTHR10131
GPCRs Histamine receptor-related GPCR (133) PTHR24249
GPCR (GPCR97, BSAI3, CD97, Eva-1, Latrophilin CIRL, . . .) (123) PTHR12011
GPCR (NPY5R, GPCR88, PRLHR, . . .)  (93) PTHR24242
GPCR (NPR4, . . .) (5) PTHR24243
Frizzled (7) PTHR11309
GPCR  co-receptor Syndecan (1) PTHR10915
LECTIN receptors Mannose, phospholipase, lectin receptor related (30) PTHR22803
C-type lectin superfamily member (11) PTHR22802
Various receptors Adipor/progestin receptor-related (5) PTHR20855
Scavanger receptor class b type 1 (sr-b1) (3) PTHR11923
Paired immunoglobulin like type 2-receptor (1) PTHR15549
Ryanodine receptor and IP3 receptor (9) PTHR13715
RNA-BINDING Eukaryote speciﬁc dsRNA binding protein (8) PTHR10910
Schlafen (3) PTHR12155
Ribonucleoprotein-related (1) PTHR23269
TRANSCRIPTION FACTORS ARID domain B cell regulator of Igh transcription (bright) (2) PTHR15348
bZIP,  AP1 ATF/CREB related (10) PTHR22952
Jun  related (2) PTHR11462
Fos  related (6) PTHR23351
bZIP,  C/EBP CCAAT/enhancer binding protein (C/EBP) (3) PTHR23334
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Table 1 (Continued)
Protein types Sub-categories Protein name (short name) Transcript
number
Panther
annotation
bZIP, CNC Nuclear factor erythroid 2-related factor 1 (NFE2F- or Nrf2-like) (2) PTHR24411
bHLH/PAS Aryl hydrocarbon receptor (AHR) (1) PTHR10649
CP2  CP2 (2) PTHR11037
Helix-turn-Helix (HTH) Homeobox proteins (6) PTHR11850
Winged-HTH domain Forkhead box protein (Fox) (15) PTHR11829
E26  transformation-speciﬁc transcription factor (Ets) (7) PTHR11849
IFN  regulatory factor (5) PTHR11949
HMG-box DBD T-cell speciﬁc transcription factor (TCF) (1) PTHR10373
Rel-like domain Nuclear factor of activated T-cells 5 (NF-AT5) (1) PTHR12533
Nuclear factor of k light polypeptide gene enhancer in B-cells 2 (NF-kB) (2) PTHR24169
SMAD MH1  domain SMAD (6) PTHR13703
STAT Signal transducer and activator of transcription (STAT) (1) PTHR11801
T-box T-box protein related (3) PTHR11267
Zn  ﬁnger DBD SP3 (1) PTHR23235
C2H2 zinc ﬁnger (2) PTHR23228
GATA binding factor (GATA) (1) PTHR10071
Krueppel C2H2-type Zn-ﬁnger (8) PTHR23223
Phd  ﬁnger protein (7) PTHR24102
Nuclear hormone receptor (C4 type) (2) PTHR24082
TRANSCRIPTION
CO-REGULATORS or
MODULATORS
Nuclear inhibitor of protein phosphatase -1 (3) PTHR23308
Zn  ﬁnger MIZ  domain containing protein (2) PTHR10782
Hepatoma-derived growth factor-related (1) PTHR12550
I-kB-like protein (IkBl) (1) PTHR15263
Interferon related developmental regulator (IFRD) (1) PTHR12354
Interferon regulatory factor 2-binding protein-like (IRF-2-BP) (1) PTHR10816
LPS-induced TF regulating TNF- (LITAF) (3) PTHR23292
NF-kB activating protein (1) PTHR13087
TRANSPORT, TRAFFICKING Marvel-containing potential lipid raft-associated protein (11) PTHR22776
Major facilitator superfamily domain containing protein (MFSD) (75) PTHR24003
Cornichon-related (4) PTHR12290
Exocyst complex component Sec6-related (3) PTHR21292
Mct-1 protein (2) PTHR22798
Multiple coagulation factor deﬁciency protein 2 (MCFD2) (2) PTHR23104
Natural resistance-associated macrophage protein (NRAMP) (1) PTHR11706
B-cell receptor-associated protein 31 (BAP) (1) PTHR12701
Phospholipid scramblase-related (1) PTHR23248
VARIOUS
IMMUNE/INFLAMMATORY
PROTEINS
Ankyrin repeat protein (17) PTHR24193
Autoantigen RCD8 (1) PTHR15598
Bcl-7 related (1) PTHR12767
Bcl-9 (1) PTHR15185
Beta  catenin-related armadillo repeat-containing (13) PTHR23315
CC  domain-containing protein (124) PTHR19897
Cd59  glycoprotein (2) PTHR10036
CTCL tumor antigen hd-cl-01 (1) PTHR18911
Ctx  related type 1 TM protein (2) PTHR12231
Cys-rich secretory protein-related (CRISP) (55) PTHR10334
F-box and WD40 domain protein (17) PTHR22844
Lamina-associated polypeptide (thymopoietin) (1) PTHR12019
LRR-containing protein (34) PTHR23155
LRR  and Ig-like domains protein 2 (2) PTHR24367
Malaria antigen-related (4) PTHR13366
Melanoma inhibitory activity (MIA)-related (1) PTHR23158
Membrane-spanning 4-domains subfamily a (MS4a)-related (8) PTHR23320
Ovarian carcinoma immuno reactive antigen (1) PTHR13336
Pdz-containing proteins (1) PTHR11324
T-cell immunomodulatory protein homolog (1) PTHR13412
T-cell lymphoma breakpoint-associated target 1 related (2) PTHR13084
TM  EMP24 domain-containing protein (7) PTHR22811
TPR  repeat containing protein (25) PTHR22904
TRIM/RBCC (ring ﬁnger, b-box, coiled coil domains-containing) (22) PTHR24103
 trans
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sSerum amyloid a 
Wound-inducible
upplementary File 1, the different classes of Hydra transcripts
dentiﬁed per GO category are given in Table 1, their accession num-
ers in Supplementary File 2, and a selection of annotated protein
equences is provided in Supplementary File 3.We  also manually identiﬁed the transcripts encoding Hydra
mmune proteins that exhibit more divergent or taxon-speciﬁc
equences, and were thus not retained in the unbiased approach,
uch as matrix metalloproteinases or AMPs (see Supplementary(1) PTHR23424
cript 3-related (1) PTHR12186
File 3). Indeed immune responses in Hydra also rely on a series of
anti-bacterial peptides such as Hydramacin [53], Arminins [54,55]
or Periculins [56], largely detected in the RNA-seq transcriptomes
used in this study. As an example of their diversity, a phylogenetic
reconstruction of the Arminin protein family is available in the Sup-
plementary File 4. All together the Hydra immune system combines
evolutionarily conserved as well as species-speciﬁc tools to develop
efﬁcient immune responses and symbiotic relationships [57–59].
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. Injury-induced immune responses in non-bilaterian
rganisms
.1. Immune responses that sort self from non-self in
on-bilaterian metazoans
Cytotoxic reactions obtained by transplantation experiments
videnced the ability of sessile colonial invertebrates to discrim-
nate between their own tissues and those of others, even when
he two organisms belong to the same species, a phenomenon
ermed allorecognition [60–62]. This immune process likely plays
mportant roles to maintain the genetic integrity of colonies and
tem cell access to the germline. In sponges and cnidarians, like in
igher organisms, allorecognition seems to be absent from early
ntogeny. Indeed, the production of chimeras by fusion can take
lace in larvae and juveniles, but become increasingly restricted to
loser relatives during maturation [63–65].
Alloimmune processes have been grouped in two major classes
ased on the rejection processes that take place: some species
orm a protective barrier (passive rejection), when others react by
estroying the transplant (aggressive rejection) [66]. In sponges,
olecules up-regulated during these rejection processes have been
dentiﬁed; they are evolutionarily conserved, and include elements
f the innate and adaptive immune systems [67]. In Hydractinia
Cnidaria), genes regulating allorecognition have been mapped to a
egion called the allorecognition complex (ARC), which contains at
east two loci termed alr1 and alr2. These genes encode transmem-
rane proteins with Ig-like and IgSF-like domains, respectively [68].
nterestingly, orthologs have been found neither in Hydra nor in
ematostella, which are both non-colonial cnidarian species that
o not exhibit allorecognition responses. However, interspeciﬁc
rafts in Hydra trigger an immune response, resulting in the elimi-
ation of foreign cells through a phagocytic process performed by
he epithelial cells [69,70].
.2. Injury-induced immune responses in Hydra
The cnidarian polyp Hydra exhibits a simple tube morphology
ith two differentiated poles, oral or apical, and aboral or basal. The
pical pole includes the mouth/anus opening surrounded by a ring
f tentacles, whereas at the aboral pole, the basal disk allows the
nimal to attach to substrates as plants, wooden sticks, or dishes
Fig. 1A). Hydra tissues consist of two cell layers, endoderm and
ctoderm, separated by an extra-cellular matrix called mesoglea.
hese two tissue layers comprise about a dozen cell types, that
ifferentiate from three distinct stem cell populations, ectodermal
pithelial cells that form a myo-epidermis, endodermal epithelial
ells that act as digestive cells in the body column, and interstitial
tem cells that are multipotent and produce somatic cells (nerve
ells, stinging cells, gland cells) as well as germ cells when the
nimal follow the sexual cycle [71]. Due to its high regenerative
otential, Hydra is able to reconstruct any lost structure after ampu-
ation within three days, a process that requires wound healing,
ogether with the formation of an organizing center at the regenera-
ing tip, followed by a patterning phase (Fig. 1B) [72]. Immediately
fter amputation, the two parallel epithelial layers, ectoderm and
ndoderm, undergo stretching to close the wound within two  hours
Fig. 1C). This step requires the contraction of actin ﬁlaments that
ransiently form a thick actin cable at the wound edge, visible by
halloidin staining 20 min  after amputation (Fig. 1D). This wound
ealing process reﬂects the contractile activity of the myoepithelial
ells in Hydra (see the organization of their myoﬁbers in Fig. 1A).Concomitantly to the immediate and symmetric production of
OS at the amputation plane (Fig. 1E), a wave of cell death affects
he differentiated and precursors cells of the interstitial lineage in
ead-regenerating tips after mid-gastric bisection (Fig. 1F). Thisunology 26 (2014) 277–294 283
apoptotic process, which is inhibited by the pan-caspase inhibitor
Z-VAD, does not affect the epithelial cells [73,74]. The endodermal
epithelial cells have a phagocytic function, clearing the head-
regenerating tips from the apoptotic bodies that form during the
ﬁrst hours. In parallel, interstitial progenitors migrate toward the
wound, an active movement evidenced in GFP+ transgenic animals
[75]. The signals triggering this migration toward the wound are
currently unknown. Finally, the mesoglea retracts at the amputa-
tion plane shortly after injury and rapidly starts to be resynthesized
[76]. The epithelial cells produce laminin and collagen, further
secreted in the inter-epithelial space to reform the basal lamina
[77]. This degradation and rebuilding of the mesoglea is associ-
ated with matrix metalloproteinases, which are up-regulated upon
injury, contributing to ECM degradation but also to patterning pro-
cesses [76,78].
3.3. Injury-induced production of reactive oxygen species (ROS)
and MAPK signaling in regenerating tips
As immediate signals produced in response to injury and poten-
tially involved in an immune response, we detected a transient
and locally restricted production of ROS in any types of wounds
performed on Hydra body column (Fig. 1E). We suspect that as com-
monly observed in skin wounds [1], ROS signals in injured Hydra
likely drive, beside a bactericidal function, some stress response
through Nrf activation, which is actually up-regulated within two
hours after mid-gastric bisection (Fig. 2A), whereas its regulator
Keap1 is not. Mid-gastric bisection triggers MAPK activation in
head-regenerating tips, as evidenced by the ERK-dependent phos-
phorylation of RSK and CREB, itself triggering a wave of cell death
[73,79,80]. Preliminary evidences indicate that in bisected Hydra,
ROS production in the vicinity of the wound releases autocrine
and paracrine signals that contribute to MAPK/ERK/CREB activation
and injury-induced cell death. Indeed, exposition to superoxide
scavengers at the time of amputation delays wound healing, and
signiﬁcantly impacts the different regenerative programs (Reiter
et al. in preparation).
In mammals, high levels of ROS can activate one or the other
branch of the MAPK pathway, leading to transcriptional activation
via the AP1 complex, but also via ATF1/CREB, ATF2, p53, Stat1,
Max/Myc, Elk1 and Ets [81]. Apoptosis through ROS-dependent
MAPK activation involves two main mechanisms, either MAPK
phosphatase inhibition triggering JNK activation [82], or activa-
tion of the apoptosis signal-regulating kinase 1 (ASK1) via TRAF2
[83,84]. Interestingly, a similar link between injury-induced ROS
production, cell death and regeneration was  established in the
adult Drosophila regenerating its gut [18], and in the adult zebraﬁsh
regenerating its ﬁn [20]. Thus, injury-induced ROS signaling in
regenerating tissues appears as an evolutionarily conserved tool
to trigger regenerative processes [85]. This cascade likely involves
the immune system, at least to control cell death and to promote
cell survival.
4. Transcriptomic signatures of injury-induced immune
responses in Hydra
Hydra does not undergo scarring after wounding and is able to
regenerate any missing body structure whatever its age. There-
fore, we were curious to learn how the innate immune system
responds to bisection in this champion of wound healing and regen-
eration. A previous analysis has shown that in H.  vulgaris as well
as in Schmidtea mediterranea septic infection at the time of bisec-
tion triggers the up-regulation of immune genes, detected here
14 h after septic wounding [86]. However this approach does not
tell whether wounding performed in non-septic conditions also
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Fig. 1. Wound healing and immune-like responses induced by bisection in Hydra.  (A) Anatomy of the cnidarian freshwater Hydra polyp. (Left) The animal exhibits a
radial  symmetry, with at the apex, a dome named hypostome surrounded at its basis by tentacles and terminated by a single opening, the mouth. The basal side consists
of  a differentiated basal disk that mediates attachment to substrates. (Right) Enlarged view of the Hydra cell wall in the gastric region. It comprises about a dozen cell
types  distributed into two cell layers, endoderm and ectoderm which sandwich an acellular extra-cellular matrix layer named mesoglea. The endodermal layer is made
of  endodermal myoepithelial cells, gland cells and few nerve cells, whereas the ectodermal layer contains ectodermal myoepithelial cells, interstitial stem cells and their
derivatives (nerve cells, nematoblasts, nematocytes). Note the perpendicular orientation of the myoﬁbrils at the base of the epithelial cells (drawn red). Drawing modiﬁed
from  Ref. [145], initially published in Ref. [72], reproduced here with permission of Wiley Publisher. (B) Scheme depicting the main phases of regeneration after mid-gastric
bisection in Hydra. The tissues in the vicinity of the amputation plane immediately take different fates, the lower half undergoing head regeneration (HR), and the upper half,
foot  regeneration (FR). Note that activation of the ERK/MAPK and Wnt  pathways, and apoptosis of interstitial cells (i-cells) are asymmetric, high in HR tips, and low or not
maintained in FR tips [72]. The endodermal epithelial cells (also named digestive cells) engulf the apoptotic bodies. Hpa: hours post-amputation. (C) Wound closure detected
on  live lower halves stained with methylene blue to label the interstitial cells. The dotted line indicates the amputation plane, with endodermal epithelial cells visible inside.
(D)  Wound closure detected on ﬁxed lower halves stained with phalloidin at 20 min  (upper) or 2 h (lower) after bisection. Note the thick actin bundle at the wound margin
at  20 min  (arrow). (E) Immediate ROS production in cells at the margin of the wound, detected with H2DCFDA staining on live upper and lower halves 10 min  after bisection.
Scale  bar: 250 m. (F) TUNEL and Hoechst detection of cell death in the regenerating tip of a lower half 30 min  after bisection. The apoptotic zone is indicated with a vertical
white  bar, note the sharp boundary with the subjacent zone where proliferating cells accumulate.
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Fig. 2. Regeneration RNA-seq expression proﬁles of Hydra immune system components. (A) Heatmap showing the symmetrical pulse response to injury of a subset of 43
genes  among the 2636 Hydra transcripts annotated as immunity-related proteins in Panther 9.0 in head and foot regenerating tips (blue and red regions) after mid-gastric
section. RNA-seq analysis was performed in three independent experiments on regenerating tips taken at indicated time points (Wenger et al. in preparation). Gene names
correspond to manually curated blast hits on vertebrate sequences. (B) Heatmap showing the modulations of transcript abundance of 7 metalloproteinase genes and 18
genes  characterized as components of the anti-microbial response in Hydra (see text for references). The ankyrin gene, speciﬁcally expressed in the foot region, was used as
a  control gene not modulated upon injury. Colors correspond to number of standard deviations above (green) or below (red) the average value of all log-transformed counts
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use  HAAC010xxxxx to retrieve full ENA accessions). Deduced protein Hydra sequen
ctivates the immune system, and what are the kinetics of the
mmune response in Hydra.  To trace the immediate and early
mmune responses in bisected Hydra,  we monitored by quantita-
ive RNA-seq injury-induced changes in gene expression in head
nd foot regenerating tips at ten different time-points (Wenger
t al., in preparation). The transcriptomic modulations were ana-
yzed in two distinct datasets, one formed by the 2636 Hydra
enes annotated as immune-related genes according to Panther,
nd the other one including all genes not identiﬁed in the Pan-
her annotation but previously characterized as components of
he innate immune response to bacteria in Hydra [47,48,57,59].
rom the Panther dataset, we identiﬁed 43 evolutionarily con-
erved genes that show similar transient up-regulations in both
ead- and foot-regenerating tips during the ﬁrst hours following
id-gastric bisection (Fig. 2A). From the second dataset, typically
etalloproteinases and AMPs, we detected mostly asymmetric reg-
lations (Fig. 2B). This approach, validated for numerous genes by indicate genes asymmetrically expressed along the body column as deduced from
eotide Archive (ENA) numbers given in brackets are truncated accession numbers
re given in Supplementary File 3.
in situ hybridization (Fig. 4 and not shown), led to the identiﬁcation
of a series of immune genes, up-regulated in the immediate/early
or early phases of wound healing and regeneration, and we will
discuss now their putative immune functions in Hydra.
4.1. Three successive waves of up-regulation affect the stress
protein genes
Stress proteins, initially identiﬁed as heat-shock proteins
(HSPs), are highly conserved chaperones that assist ATP-dependent
protein refolding in response to oxidative stress, starvation, or
pathogens, which all provide conditions for protein denaturation
and aggregate formation [87,88]. Thus HSPs prevent the formation
of toxic aggregates. In bisected Hydra,  we  detected four successive
pulses of symmetric up-regulation of HSPs transcripts related to (i)
CRYAB2 detected at one hpa, (ii) HSP16.2 and CRYAB1 detected at 2
hpa, (iii) DnaJB9 detected at 4 hpa, with maximal levels maintained
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or about two hours, and later (iv) HSP90a1 detected at 8 and 16 hpa
Fig. 2A). By contrast HSP70 and Calreticulin, which are expressed
t very high levels in intact Hydra,  show limited modulations upon
njury (not shown).
The CRYAB1, CRYAB2, and HSP16.2 genes encode small HSPs
haracterized by an -crystallin domain that prevents unspeciﬁc
ggregation. Their immediate/early up-regulation upon bisection
uggests that, as in many other species, these stress proteins act as
ytoprotectors in response to ROS release and to the injury-induced
ellular stress (Fig. 1). For instance, B-crystallin acts as a cytopro-
ector by inhibiting caspase 3 activation [89]. Hsp16.2 also inhibits
ell death, either by stabilizing mitochondrial membranes, and thus
nhibiting cytochrome c release upon stress, or by binding and acti-
ating HSP90 [90]. Further studies should conﬁrm whether these
haperones control the level of cell death in Hydra regenerating tips.
eside small HSPs, DnaJB9 (HSP40 family) might play two  roles in
ydra injured tissues as deduced from the roles of DnaJB9 in mam-
alian cells: ﬁrst as co-chaperone of the stress protein HSP70 to
egulate its ATPase activity [88,91], and second, independently of
SP70, as an inhibitor of NF-B activity by associating with the IB
inase complex [92].
Finally the early up-regulation of HSP90a1 in regenerating
ips suggests that higher levels of HSP90 protein in this early
hase of regeneration likely regulate the folding of a variety of
volutionarily-conserved client proteins [93] including the tran-
cription factors ATF3l, IRF-like and the protein kinases IKK, IRAK,
NK, MAPK, TBK (Table 1, Supplementary File 2). This should
ndirectly affect the activity of the NF-B pathway, assuming a
onserved role for HSP90 in Hydra and in mammalian cells (see
n Ref. [88]). However, during the ﬁrst 60 min  after bisection, we
ather expect an inhibition of HSP90 activity as long as H2O2 is
roduced at the wound. In conclusion the transient and successive
p-regulation of these three classes of HSPs, detected here at the
ranscript level in both types of regeneration, suggests that HSPs
lay an important role for cell survival and wound healing, inde-
endently of the regenerative program subsequently at work in the
egenerating tips.
.2. Immediate up-regulation of six bZIP transcription factors,
our of them predicted to be redox sensitive
Among the genes that display a rapid and symmetric transient
p-regulation after bisection, we identiﬁed six bZIP transcrip-
ion factors, Jun,  Fral1 (Fos-related antigen 1), ATF1/CREB, CREB3l1,
rf (nuclear factor erythroid derived 2 related factor), C/EBP
CCAAT/enhancer binding protein) (Figs. 2A and 3). Out of these,
our are potentially redox modulated upon oxidative stress [94].
ndeed as deduced from the redox regulation of the vertebrate
rthologs, we anticipate that the highly conserved redox factor-1
Ref-1) mediates the redox regulation of a evolutionarily-conserved
ysteine residue located in their DNA-binding domain, increasing
hus their DNA binding and the expression of their target genes.
ence, we predict that injury-induced ROS production in Hydra
ounds activates a Ref-1-dependent antioxidant response medi-
ted by Jun, Fral1, ATF1/CREB and Nrf.
Jun and Fral1, whose transcripts are up-regulated within the
rst hour and that are peaking at four hpa (Figs. 2A and 4A), likely
eterodimerize through their leucine zipper domain to form the
P-1 (activator protein 1) complex, a key modulator of the innate
mmune system thanks to its interplay with NF-B [95,96]. In ver-
ebrates, AP-1 induction is modulated by cytokines through the JNK
nd p38/MAPK pathways and a similar activation of the JNK path-
ay is expected after mid-gastric bisection in Hydra (see below).
his immediate up-regulation of the components of the AP-1 com-
lex supports a crucial role for AP-1 in the injury-induced response
aking place in Hydra.unology 26 (2014) 277–294
Within two hours after bisection, we noted a transient up-
regulation of Nrf (Fig. 2A), which in vertebrates associates with the
small Maf  proteins to bind AREs (antioxidant response elements)
and regulate antioxidant and cytoprotective genes [97]. The Nrf tar-
get genes include redox genes like NADPH quinone oxidoreductase,
metallothioneins, glutamate-cysteine ligase, proteasome compo-
nents, but also phase-2 detoxiﬁcation enzymes, indicating a major
protective role of Nrf against oxidative stress [98]. In Hydra,  the Nrf
target genes remain to be identiﬁed, but the early up-regulation of
Nrf when ROS is produced suggests a similar protective function in
regenerating tips.
Similarly to Nrf,  C/EBP is up-regulated in regenerating tips within
two hours after bisection (Figs. 2A and 4B). The C/EBP family mem-
bers are essential for a variety of biological processes, including
cell proliferation, cell migration, cell differentiation, development,
immune response and neuronal regeneration [99]. Numerous
inﬂammatory genes, as cytokines and 2-macroglobulin, contain
C/EBP binding elements in their regulatory regions [100]. Dur-
ing the inﬂammatory reaction, C/EBPs interact with NF-B family
members [101] and cooperate with c-Jun, Fos or ATF/CREB [102].
These multifaceted interactions suggest a complex behavior of
C/EBP during Hydra regeneration.
IRF2-BP, also up-regulated within two hours upon bisection
(Fig. 2A), encodes the interferon regulating factor 2 binding pro-
tein, which acts as a co-repressor of the transcription factor IRF-2
once recruited to its C-terminus [103]. Additionally IRF2-BP ubiq-
uitinates and targets to degradation the Jun dimerization protein
2 (JDP2), which acts as a repressor within the AP-1 complex.
As a consequence of JDP2 degradation, IRF2-BP enhances AP-1
activity and the expression of Jun target genes. IRF2-BP can also
repress the activity of ATF2 on CRE-regulated promoters [104].
Hence, IRF2-BP likely plays a complex and dynamic role in Hydra
regeneration.
4.3. Immediate and early up-regulation of genes linked to TNFR
signaling
The tumor necrosis factor receptor (TNFR) gene TNFR16 is a
promising candidate immune actor in Hydra,  as the mammalian
TNFR1 regulates cell death in a redox-dependent way  [105]. In
fact TNFR1 signaling is complex, activating both NF-B and JNK
activities in mammalian cells, with opposite roles on mitochon-
drial ROS and on cell death, NF-B inhibiting ROS production and
cell death, whereas JNK and ROS positively crosstalk and activate
cell death [105]. Translated to the Hydra head-regeneration con-
text, this would mean that at least during the immediate phase,
NF-B activity would be maintained low while JNK signaling is
high. Then, when cell death and ROS production are decreasing,
about 60 min  pa, TNFR16 and two TNFR associated factors, TRAF2l
and TRAF5l,  are up-regulated, peaking at four hpa (Figs. 2A and 4C).
This up-regulation of TNFR effectors possibly leads to a con-
comitant enhancement of NF-B and reduction of JNK activities
[105].
In the foot-regenerating tips, where the level of cell death
remains low, JNK signaling is likely maintained at low levels
despite the presence of ROS signals, the TNFR up-regulation might
there simply turn down ROS production. Such injury-induced
TNF mediated responses take place during liver regeneration
in mice, either after partial hepatectomy [106] or after chemi-
cally induced hepatotoxicity [107], and knocking out TNFR1 in
mice dramatically impair DNA synthesis and liver regeneration
[108]. Thus silencing TRAF2l,  TNFR16, TRAF5l in regenerating Hydra
should help elucidate the role of TNFR signaling on the redox
control of cell death and cell survival during early regenera-
tion.
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Fig. 3. Expression proﬁles of the MAPK-activated transcription factors related to the AP1/jun – ATF/CREB family in Hydra.  (A) Phylogenetic tree of the ATF/CREB, AP-1/Jun, Fos-
related transcription factors obtained after aligning 13 Hydra deduced protein sequences with MUSCLE and building by maximum likelihood. Bootsrap values higher than 50
are  indicated on relevant nodes. Protein names from Porifera are written blue (Ampqu: Amphimedon queenslandica), from cnidarians red (Antel: Anthopleura elegantissima,  Hyvu:
Hydra  vulgaris, Nemve: Nematostella vectensis), from protosomes green (Apime: Apis mellifera, Capte: Capitella teleta, Dappu: Daphnia pulex, Drome: Drosophila melanogaster),
from  deuterostomes black (Braﬂ: Brachiostoma ﬂoridae, Danre:  Danio rerio, Galga: Gallus gallus,  Sacko: Saccoglossus kowalewskii, Strpu: Strongylocentrotus purpuratus, Xentr:
Xenopus tropicalis). Note the high diversiﬁcation of this class of transcription factors in eumetazoan ancestors after divergence of Porifera B RNA seq expression proﬁles
showing the modulations of transcript abundance at selected time points during head and foot regeneration blue and red respectively after mid gastric bisection of Hydra
vulgaris (Jussy strain). For the tissue taken from intact body column (t0) and from regenerating tips at 0 5, 1, 2, 4, 8, 16, 24, and 48 h, the mean values and standard deviations
(SDs)  were deduced from the number of mapped reads obtained in three independent regeneration experiments The observed modulations can be compared to the transcript
abundance in total intact animals (pink dots), and in the head (green dot) and basal (beige) regions x-axis: hours post amputation (hpa); y-axis: number of mapped reads
ENA  accession numbers are indicated on each graph. Note the activation peaks at 2 hpa for AP1/Jun, at 4 hpa for ATF1/CREB, CREBl1 and Fral1.
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Fig. 4. Injury-induced regulation of Hydra genes GO annotated as innate immune genes. The injury-induced changes in gene expression were identiﬁed for each selected
gene  (identiﬁed by its name and ENA accession number – HAAC010xxxxx –), by RNA-seq analysis (left panel) performed on homeostatic and regenerating tissues from H.
vulgaris,  and conﬁrmed by in situ hybridization (right panel). For RNA-seq analysis animals were either left intact and tissues from the apical region, basal region or total
animals  were taken to measure homeostatic expression values, or bisected at mid-gastric level (50%) to subsequently dissect the regenerating tips at 0, 0.5, 1, 2, 4, 8, 16, 24,
36,  and 48 h post-amputation (hpa) (Wenger et al. in preparation). For in situ hybridization the upper (FR-50, left) and lower (HR-50, right) halves were ﬁxed at indicated time
points. On graphs, the y-axis indicates the number of Illumina reads measured in apical (green), basal (beige) or total (pink) tissues, or in HR-50 (blue) and FR-50 (red) tips
at  dissection time (hpa, x-axis). Note that the upregulation detected early after amputation, can be transient as a pulse followed by the rapid restoration of the homeostatic
level  (A–E), or sustained over a longer period (F–J). (A) Fral1 (Fos-related antigen 1) up-regulated at 0.5 hpa in the epithelial cells below the wound. (B) C/EBP (CCAAT/enhancer
binding protein) up-regulated in the epithelial cells surrounding the wound. (C) TNFR16 (tumor necrosis factor receptor 16)  peaking at 4 hpa in the epithelial cells of the tips,
also  homeostatically expressed in the interstitial cells. (D) NPRY4 (neuropeptide Y receptor type 4) peaking at 4 hpa in the endodermal epithelial cells of the tips. (E) MASP-1
like  (mannose associated serine protease-1) expressed in the gland cells along the body column, up-regulated in the tips at 4 hpa. (F) ALOX5 (arachidonate 5-lipoxygenase)
up-regulated at 4 and 8 hpa in tips, secondarily up-regulated in differentiating basal disks in agreement with its homeostatic basal expression. (G) PRSS3-like (protease serine
3  also named chymotrypsin or trypsin-3) up-regulated in the gland cells at the tips. (H) CSL-3 like (l-rhamnose binding lectin) up-regulated in ectodermal cells. (I) Kinesin-like
and  (J) 2-Macroglobulin-like similarly up-regulated at 8 and 16 hpa in the endodermal epithelial cells.
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.4. Early modulations of regulators of proteasomal degradation
The p62/sequestosome-1 (SQSTM1) adaptor protein contains
ultiple domains (PB1, Zinc ﬁnger type ZZ, TRAF6 binding
equence, ubiquitin associated region) and functions as a hub con-
ecting several processes like autophagy, apoptosis, and defence
esponse [109,110]. Hydra expresses two p62/SQSTM1 isoforms,
oth up-regulated after bisection, SQSTM1-l2 within 60 min  and
QSTM1-l1 one hour later (Fig. 2A). This immediate up-regulation
ight result from the local injury-induced ROS signaling, similarly
o LPS-stimulated macrophages where p62/SQSTM1 expression is
egulated by Nrf2 via TLR4/MyD88 upon oxidative stress. In turn,
62 accumulates in aggresome-like structures to further drive
heir elimination by autophagic degradation [111]. Whether ROS
ignaling regulates p62/SQSTM1 expression via Nrf in Hydra regen-
rating tips is not known yet, but it is interesting to note that Nrf
p-regulation precedes p62/SQSTM1-l1 up-regulation after bisec-
ion (Fig. 2A). Also, the activity of p62/SQSTM1 in regenerating
ips, possibly linked to the control of autophagy, requires investi-
ations. Excessive autophagy is not compatible with regeneration,
s observed when the protease inhibitor Kazal1 is knocked-down
112], but the physiological levels of autophagy required for efﬁ-
ient regeneration in Hydra are not known.
Similarly CED6/GULP1 is an adapter protein with a
hosphotyrosine-binding (PTB) domain, which recognizes apop-
otic cells and supports their phagocytosis through interactions
ith clathrin-coated vesicles [113,114]. As in Hydra CED6/GULP1
s up-regulated within the ﬁrst two hours following bisection
Fig. 2A), we  suspect that CED6/GULP1 contributes to trafﬁcking
rocesses including the clearance of cell debris and apoptotic
odies, which are likely quantitatively different in head- and
oot-regenerating tips, low in the ﬁrst context, massive in the
econd [73]. Therefore, we suspect that CED6/GULP1, which is
imilarly up-regulated in both head and foot regenerating tips,
ust either be submitted to different regulations, or perform
ifferent functions in these two contexts.
The NEDD8-conjugating enzyme Ubc12 is involved in a post-
ranslational modiﬁcation (PTM) process named Neddylation,
hich involves the activation of the Cullin Ring Ligase-1 (CRL1)
omplex by transferring NEDD8 (neural precursor cell expressed
evelopmentally downregulated) to Cullin [115]. This activation
eads to the ubiquitination of the phosphorylated form of IB and
ts targeted degradation by the proteasome, leaving NF-B free to
ranslocate to the nucleus and activate target genes [116]. The RNA-
eq proﬁle shows an up-regulation of the Hydra NEDD8 Ubc12 gene
wo hours after amputation (Fig. 2A). Additional studies will tell
hether the Hydra NEDD8-conjugating enzyme Ubc12 has a similar
unction, e.g. promoting NF-B pathway activation in the epithelial
ells.
Kinesin16B, which belongs to the well-conserved kinesin-3
amily, regulates the recycling and degradation of EGF and FGF
eceptors through endosomal transport [117]. In Hydra,  a sustained
p-regulation of a kinesin16B-like transcript is detected from eight
pa (Fig. 4I). The role of kinesin16B is unknown in Hydra,  this
bserved up-regulation might reﬂect an injury-induced modiﬁ-
ation in the trafﬁcking of the different types of receptors and a
ossible acceleration of their degradation.
.5. Modulations of TLR signaling in regenerating Hydra
The Hydra TLRs, despite their unconventional organization with
RR and TIR domains split between different proteins, signal
oward NF-B activation [70]. Neither the 19 TLR-related trans-
ripts identiﬁed through GO annotation, nor the components of the
LR pathway such as IRAK, TRAF6, TAK, NF-B or IKK, exhibit modu-
ations at the transcript level upon bisection. This is not surprisingunology 26 (2014) 277–294 289
as TLR signaling is known to regulate NF-B activation through
post-translational modiﬁcations (PTM), mainly proteasomal degra-
dation of the phosphorylated inhibitor IB [33]. As an indirect
evidence of NF-B activation in regenerating tips, some of its
putative target genes encoding AMPs are up-regulated upon bisec-
tion (see below). Proteins containing leucine-rich repeat domains
(LRRC) play an important role in the innate immune response from
plants to animals [118]. Among the Hydra LRRC, we identiﬁed two
transcripts (LRRC40- and LRRC-28-like) whose expression level is
increased two hours after amputation (Fig. 2A).
The RNA-seq approach also highlights a symmetric up-
regulation (Fig. 2A) of LRRK2,  encoding the leucine-rich repeat
kinase 2 that belongs to the RIPK family (receptor-interacting pro-
tein kinase). LRRK2 is a key signaling transducer in the immune
response, modulated by IFN-, IFN- and TNF- during human
monocytes activation [119,120]. Moreover, LRRK2 is phosphory-
lated by IKK upon TLR activation [121], although the biological
signiﬁcance of this event is unknown. As putative roles in Hydra,
LRRK2 might activate NF-B and induce oxidative stress during
phagocytosis [122], but might also be associated with autophagy
regulation [123], or be involved in the cytoskeleton reorganiza-
tion linked to engulfment of apoptotic bodies, as LRRRK2 directly
interacts with microtubules [124].
The salt-inducible kinase 2 (SIK2),  a member of the AMP-
activated protein kinase family, is another candidate regulator
of TLR signaling in Hydra. In mammals, SIK2 plays a repressive
role on TLR signaling, limiting the production of pro-inﬂammatory
cytokines by down-regulating the interleukine expression directed
by CREB. A major substrate for SIK2 is the CREB co-activator
CRTC (also named TORC2), which upon phosphorylation remains
sequestered in the cytoplasm [125,126]. In Hydra,  CRTC is well-
conserved and its level of expression is not modulated during
regeneration (WB, unpublished). However both SIK2 and CREB are
up-regulated within two hours upon bisection (Fig. 2A), therefore
one anticipates that SIK2 affects CRTC phosphorylation status and
thus CREB activity at that time.
4.6. Up-regulation of ALOX5 (5-arachidonate lipoxygenase), a
key enzyme for leukotriene production
The enzyme 5-arachidonate lipoxygenase (ALOX5) converts
arachidonic acid (AA) in leukotrienes (LT), the eicosanoids lipid
messengers produced by leukocytes, macrophages and dentritic
cells during the mammalian immune response [127]. Interme-
diate components of lipoxygenase activity, like hydroperoxy-
eicosatetraenoic acids (HPETEs) were previously identiﬁed in Hydra
[128,129]. These HPETEs modulate morphogenetic processes, as
increased intracellular levels upon AA exposure inhibit the bud-
ding process [128] and promote the formation of ectopic tentacles
along the Hydra body column [129]. Here, we show that ALOX5 tran-
script levels are up-regulated after bisection, peaking at eight hpa
in both head and food regenerating tips (Fig. 4F). Thereafter, the
regulation in HR and FR tips is quite different, as ALOX5 expression
levels continue to increase during foot regeneration to ultimately
reach the high homeostatic levels observed in the basal region of
intact animals, while in the head regenerating tip, ALOX5 expres-
sion progressively goes back to the low homeostatic levels. During
early regeneration, ALOX5 likely produces lipid mediators with
signaling functions, one of them being phagocytosis of apoptotic
bodies [130].
4.7. Up-regulation of lectins as pattern recognition proteinsThe l-rhamnose binding lectin CSL3 is a component of the
innate system functioning as a pattern recognition protein [131].
In Hydra,  we identiﬁed a systemic up-regulation of this lectin in the
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ctodermal interstitial cells, all along the body column but also in
he regenerating tips, at four hours after bisection (Figs. 2A and 4H).
e assume that the CSL3-like lectin plays a similar role in Hydra
han in bilaterians, i.e. recognizing l-rhamnose or d-galactose
rom invading pathogens. The sustained high level of expression
aintained over at least 24 h in the head-regenerating tip, but not
n the foot-regenerating ones, suggests some additional function
uring the head patterning phase.
.8. Sustained up-regulation of proteases, metalloproteinases and
acroglobulin
The injury-induced immune response in Hydra also involves
roteases and macroglobulin-like components (Fig. 2A). The
annose-binding lectin associated serine proteases (MASPs) are com-
onents of the lectin pathway, which activates the complement
ystem in vertebrates. These serine proteases, already present in
nidarians, probably represent a proto-form of the proteolytic com-
lement system [132]. Upon bisection, the MASP-like 1 transcripts
re up-regulated within four hours in a symmetric manner in
he Hydra endodermal gland cells (Fig. 4E). The function of this
omplement-like system in the injury-induced response might
elate to pattern recognition and/or opsonization of invading
athogens.
Other members of this complement-like cascade were not iden-
iﬁed in Hydra so far. However, the function of these missing
embers is likely supported by other proteolytic components such
s the trypsin-3 like proteinase (PRSS3), which exhibits a sustained
ymmetric expression in the gland cells four hours after bisection
Figs. 2A and 4G). Besides its lytic activity, which might promote the
learance of apoptotic bodies, PRSS3 might also cleave and/or acti-
ate AMPs such as arminins as it is the case in vertebrates, where
rypsin activates -defensin-5, an AMP  secreted by the Paneth cells
133]. Calpain-15 is a Ca2+ modulated cysteine protease with a
estricted proteolytic activity. This protease activates NF-B thanks
o a controlled proteolysis of IB, the NF-B inhibitor [134]. In
ydra, the transient up-regulation of Calpain-15 noted at four hpa
Fig. 2A) might point to the recruitment of migratory cells toward
he wound via this pathway [135].
In contrast with the previous proteases, the matrix metallopro-
einases (MMPs) are expressed in an asymmetric manner in distinct
ime windows of regeneration (Fig. 2B). Functional assays have
hown that this family of proteolytic enzymes that predominantly
leave the ECM components, are actively involved in Hydra regen-
ration with MMP-2 speciﬁcally involved in head regeneration, and
MP-7 in foot regeneration [76–78]. These two proteases are acti-
ated very early upon amputation, suggesting an immediate role
n wound closure, as well as in the cleavage and activation of AMPs
arminins), similarly to the vertebrate situation where MMP-7 acti-
ates pro--defensin [136], MMP-2 and MMP-7 cleave and activate
ro-TNF [137]. Some others MMPs  (MMP-24, MMP-25, MMP-18)
re expressed at later time points (Fig. 2B), probably involved in the
emodeling and morphogenetic functions associated with MMPs
78].
˛-2 Macroglobulin (˛2M)  is a member of the widely con-
erved thioester bond containing protein (TEPs) family, which plays
n important anti-proteolytic activity in the vertebrate immune
esponse, mediated by the thioester bond [138]. ˛2M inhibits
lmost all endopeptidases including MMPs  but not astacins [139].
he 2M-protease complex, formed after the covalent binding of
he proteases to the exposed thioester bond, is recognized by the
2M-receptor (LRP-low density lipoprotein receptor), internalized
nd subsequently degraded [140]. In Hydra,  ˛2M transcripts, pre-
ominantly expressed in the endodermal cells, are increased upon
isection, reaching a maximum level at 16 hpa (Fig. 4J). We  presume
hat the Hydra 2M,  as a part of the innate response, controls theunology 26 (2014) 277–294
proteinase activity, which is high in the wound area, and therefore
limits the tissue damage due to a prolonged proteolytic activity.
4.9. Various components of the innate immune system
The neuropeptide Y receptor type 4 (NPYR4) is transiently up-
regulated upon bisection in regenerating animals (Figs. 2A and 4D).
In vertebrates, the neuropeptide Y, besides its role in chronic stress,
also exerts through its speciﬁc receptor immune-modulatory func-
tions. So far, the agonist of this receptor was not identiﬁed in Hydra.
It would be interesting to know whether, as in mammalian cells,
NPYR signaling modulates phagocytosis and/or production of the
reactive oxygen species in Hydra [141].
SWAP70 is a Rho-interacting protein, with phosphatidylinositol
3,4,5-trisphosphate-dependent guanine nucleotide exchange fac-
tor (GEF) activity, characterized by a pleckstrin homology (PH)
domain and a Ddl homology (DH) domain. SWAP70 reorganizes
the F-actin ﬁbers in response to growth factor stimulation and thus
regulate the migration/adhesion of the B-cells during host defence
[142]. In plants, the activity of SWAP70 is associated with the reg-
ulation of ROS production during the immune response [143]. In
Hydra, SWAP70 is up-regulated at eight hpa, rather transiently in
head regenerating tips, but on a prolonged mode in foot regen-
erating tips, up to 36 hpa (Fig. 2A), possibly underlying distinct
functions in early and early/late periods of regeneration.
4.10. Injury-induced regulation of the antimicrobial peptides
(AMPs)
For multicellular organisms lacking an adaptive immune sys-
tem, e.g. plants and invertebrates, a strategy to face microbial
infection is to produce antimicrobial peptides (AMPs), which are
extremely diverse, as fast evolving and possibly submitted to posi-
tive selection [144]. Hydra efﬁciently uses this strategy, producing
AMPs that are often taxon-speciﬁc [54,70]. Among these, a few
genes are modulated upon injury, like several Hydramacin genes
related to the Hydramacin-1 family, expressed as AMPs with a
large antibacterial spectrum in the endoderm [53]. In both head-
and foot-regenerating tips, Hydramacins are symmetrically up-
regulated one hour after bisection, then after a transient drop, are
maintained at high levels from four up to at least 24 h (Fig. 2B).
In contrast, the RNA-seq proﬁles of the arminin genes, which
encode another group of Hydra speciﬁc AMPs also produced by the
endodermal epithelial cells [54], exhibits a clear up-regulation in
head-regenerating tips and a moderate one in foot-regenerating
tips. This asymmetric regulation of most arminins, expressed at
higher levels in regenerating tissues from basal regions, might actu-
ally reﬂect the unequal distribution of arminin transcripts along
the body column in homeostatic conditions. If conﬁrmed, this
homeostatic-driven unequal regulation after bisection suggests
that arminins are not involved in the wound healing process, but
rather play a role in the regionalization of the tissues along the
axis. Finally, the periculin genes, encoding a third class of AMPs in
Hydra,  are expressed as maternal AMPs during Hydra embryonic
development [56], and at very low levels in asexual conditions.
The regeneration RNA-seq proﬁle could be obtained for a single
periculin sequence, not showing any signiﬁcant modulation (not
shown). In summary, the symmetric regulation of the hydramacin
genes and the asymmetric regulation of some arminin genes after
bisection suggest that Hydra AMPs, beside their antimicrobial func-
tion, play some roles in wound healing and regeneration.5. Conclusions and perspectives
Through this review we  provide an overview of the rich compo-
sition of the innate immune system in non-bilaterian metazoans,
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Fig. 5. Schematic view of the early injury-induced response of the Hydra innate immune system. Genes written red exhibit a pulse up-regulation within the ﬁrst 16 h
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hollowing mid-gastric bisection of Hydra body column. Their sequential regulation i
onserved genes that do not show modulation of their expression level upon inju
ignaling pathways. For details see the text.
amely sponges and cnidarians, and then report about the immune
esponses linked to tissue injury as deduced from the transcrip-
omic signatures recorded during wound healing and regeneration
n Hydra.  In Hydra,  the immediate production of H2O2 by a limited
umber of cells in the wound area, together with the concomitant
ctivation of the MAPK pathway, as well as the rapid up-regulation
f putative ROS target genes encoding either bZIP transcription
actors (jun, fos,  ATF1/CREB,  Nrf,  C/EBP)  or cytoprotective proteins
p62/SQSTM1, stress proteins, regulators of proteasomal degrada-
ion, engulfment proteins) suggests that an immediate and tightly
uned response to oxidative stress is required for efﬁcient wound
ealing. Beside genes directly linked to ROS signaling, a numbercated at the bottom of the scheme. Genes written black or white are evolutionarily
rows tentatively represent some of the expected interactions within or between
of immune genes including TNFR, TRAF2l,  TRAF5l,  IRF2-BP,  SIK2 are
also rapidly and synchronously pulse-regulated in tissues adjacent
to the bisection site (see recapitulative scheme in Fig. 5).
These symmetric transient regulations recorded in head- and
foot-regenerating tips, suggest that they are linked to the wound
healing process rather than to the initiation of a speciﬁc regenera-
tion program. Taking into consideration the roles of the orthologous
proteins in mammals, the expected role of these injury-induced
proteins in wounded Hydra might be to prevent the formation of
protein aggregates thanks to cytoprotective proteins, to promote
cell survival thanks to Nrf-induced antioxidants, to support cell
migration toward the wound thanks to secreted proteinases, to
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chieve an efﬁcient cellular remodeling under the control of the
un, Fos, ATF1/CREB and C/EBP transcription factors.
Interestingly, key components of the Hydra innate immune sys-
em as NF-B, IB, TLRs, NLRs or caspases do not seem to be
odulated at the transcript level during Hydra regeneration. How-
ver, post-translational modiﬁcations likely play a dominant role in
he modulation of their function. In case of NF-B, the expression
evel of AP1, DnaJB9, HSP90, NEDD8-Ubc12 is dramatically mod-
ﬁed upon injury, implying a concomitant modiﬁcation in NF-B
ctivity (Fig. 5). One important aspect that requires further investi-
ations is the cellular distribution of the immune functions in Hydra
egenerating tips: the analysis of expression patterns by in situ
ybridization shows that epithelial cells, and in some cases gland
ells express most of these immune components. Still, the cells
hat undergo cell death, cell migration, cell proliferation in the
egenerating tips are interstitial cells. As ROS signaling can work
n both autocrine and paracrine modes, the injury-induced reg-
lation of the immune system in each cellular population needs
o be deciphered to understand its impact on wound healing and
egeneration.
This review highlights the importance of injury-induced ROS
ignaling in Hydra wound healing and initiation of regener-
tion, similarly to the role played by ROS in injured plants,
rosophila and vertebrates. Given the central role of the antiox-
dant regulator Nrf2 in human pathologies linked to chronic
ounds, degeneration and aging, it is of interest to note that
he Hydra Nrf ortholog likely plays a key role in the injury
esponse in an organism that maintains intact its regenera-
ive potential over the years. According to recent studies the
nnate immune system emerged in metazoans with a dual role:
efensive and developmental. Both might be at work in Hydra
 and understanding the injury-induced immune response in Hydra
ealing their wounds and regenerating their body should help pro-
ote new ideas for novel strategies in regenerative medicine.
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